Based on the original lead neocryptolepine, an alkaloid from Cryptolepis sanguinolenta, a series of substituted derivatives was prepared. All compounds were evaluated for their activity against chloroquine-resistant Plasmodium falciparum strains, and for their cytotoxicity on human MRC-5 cells. Mechanisms of action were investigated by testing inhibition of β-haematin formation and DNA interactions (DNA-methylgreen assay). Some neocryptolepine derivatives with a higher antiplasmodial activity and a lower cytotoxicity than the original lead have been obtained. This selective antiplasmodial activity was associated with inhibition of β-haematin formation. 2-Bromoneocryptolepine was the most selective compound with an IC 50 value against chloroquine-resistant P. falciparum of 4.0 µM in the absence of cytotoxicity (LC 50 > 32 µM). This compound was considered as the most promising lead from the present work for new antimalarial agents.
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cryptotackieine. Also for this compound antiplasmodial activity has been reported against chloroquine-resistant strains of P. falciparum (Cimanga et al., 1997) . However, a direct comparison of the cytotoxicity of cryptolepine and neocryptolepine demonstrated that the latter was much less cytotoxic. DNA intercalating as well as topoisomerase II inhibiting properties were found to be more pronounced for cryptolepine than for neocryptolepine (Bailly et al., 2000) . Therefore, neocryptolepine was selected in the present work as a lead for the development of new antimalarial agents. The antiplasmodial properties of some synthetic neocryptolepine derivatives are discussed, as well as their activity in functional assays related to possible mechanisms of action, in order to establish structure-activity relationships.
MATERIALS AND METHODS
Synthesis of Neocryptolepine Derivatives
The organic synthesis of the neocryptolepine derivatives studied in this work has been reported before (Jonckers et al., 2002) . The crucial step was a biradical cyclisation reaction of a series of carbodiimides. In this way a series of 2-substituted and 2,9-disubstituted neocryptolepine derivatives could be obtained. If an appropriate carbodiimide precursor was used, a mixture of 1-and 3-substituted derivatives was obtained, which had to be separated by chromatographic means. Neocryptolepine derivatives substituted in position 4 could not be obtained, since N-methylation appeared to be impossible in the presence of a substituent in position 4. All compounds were biologically evaluated as their hydrochloride salts.
In Vitro Activity against P. falciparum
All compunds were evaluated for their antiplasmodial activity against a chloroquine-resistant Plasmodium falciparum strain. For the determination of the antiplasmodial activity the parasite lactate dehydrogenase assay was used, with slight modifications, as previously described by Makler and Hinrichs (1993) . Briefly, the assay is based on the observation that the lactate dehydrogenase (LDH) enzyme of Plasmodium falciparum has the ability to rapidly use 3-acetyl pyridine NAD (APAD) as a coenzyme in the reaction leading to the formation of pyruvate from lactate. Test compounds were added in 2-fold serial dilutions in 96-well multiwell plates to Plasmodium falciparum (chloroquine-resistant W2 strain) cultures (1% parasitaemia, 2% HCT). After 48 h at 37°C and a gas mixture of 93% N 2 , 4% CO 2 , 3% O 2 , the parasite cultures were frozen at -20°C to lyse the erythrocytes and to store the plates until further processing. After thawing, 20 µl of the lysed culture was added to 100 µl Malstat reagent (Flow Inc., USA) and the formation of APADH was determined. Adding 40 µg nitroblue tetrazolium (NBT) and 2 µg phenazine ethosulfate (PES) to the Malstat reagent promoted the spectrophotometric assessment of LDH activity. As APADH is formed, the NBT is reduced and forms a blue formazan product that can be detected visually and measured spectrophotometrically at 650 nm. Determination of the IC 50 values was performed in triplicate (mean ± SD). Cryptolepine (Arzel et al., 2001; Wright et al., 2001 ) and chloroquine were used as positive controls. The IC 50 value of chloroquine was 0.09 µM (for cryptolepine, see Table 1 ).
Cytotoxicty on MRC-5 Cells
A human diploid embryonic lung cell line (MRC-5) was used to assess the cytotoxicity of the test compounds as described before (Girault et al., 2000) . Briefly, MRC-5 cells were seeded at 5000 cells/well in 96-well microtiter plates. After 24 h, the cells were washed and 2-fold dilutions of the drug were added in 200 µl of standard culture medium (RPMI + 5% FCS). The final DMSO concentration in the culture remained below 0.5%. The cultures were incubated with different concentrations of test compounds at 37°C in 5% CO 2 -95% air for 7 days. Untreated cultures were included as controls. Cytotoxicity was determined using the colorimetric MTT assay and scored as a percent (%) reduction of absorption at 540 nm of treated cultures versus untreated control cultures. Determination of the LC 50 values was performed out in triplicate (mean ± SD). Vinblastine was used as positive control (LC 50 < 10 nM).
Inhibition of β-Haematin Formation
An in vitro method was used to measure the inhibition of β-haematin formation, based on the original method described by Egan et al. (1994) and modified by Wright et al. (2001) . Haem refers to Fe(II)protoporphyrin IX, haemin is Fe(II)protoporphyrin IX chloride, and haematin is Fe(II)protoporphyrin IX hydroxide. Briefly, 0.1 M NaOH was added to Fe(II)haemin (Fluka; HPLC purity >98%) (typically 7.5 mg) which forms haematin. Polymerisation to β-haematin, which has been characterized as [Fe(III) protoporphyrin IX] 2 (Pagola et al., 2000) , proceeds after addition of a 9.9 M acetate buffer, pH 5. Test compounds (3 equivalents with respect to haemin) were added to the haematin solutions prior to acidification. After incubation for 40 min at 60°C, cooling and filtration, the precipitate was washed with water, dried, and FT-IR (PerkinElmer FT-IR 1760) was used to check the presence of β-haematin, which shows sharp bands at 1660 and 1207 cm -1 . The spectra were examined on the presence or absence of the two typical peaks. When they were absent the compound had inhibited the formation of β-haematin. A sample containing haemin but without test compound, which was not incubated, was used as a negative control (no formation of β-haematin). A sample containing haemin but without test compound, which was incubated during 40 min at 60°C, was used as a positive control (formation of β-haematin).
DNA-Methylgreen Assay
The DNA-methylgreen assay is a simple microtiter assay for the detection of compounds that bind DNA. Agents that displace methylgreen from a DNA-methylgreen complex (Deoxyribonucleic acid Methylgreen; Sigma) are detected spectrophotometrically (Labsystems Multiscan MCC/340) by a decrease in absorbance at 620 nm (Burres et al., 1992) . DNA-methylgreen was suspended in 100 ml of 0.05 M Tris-HCl buffer, pH 7.5, containing 7.5 mM MgSO 4 and stirred at 37°C for 24 h. The dissolved samples were dispensed into wells of a 96-well microtiter plate. Solvent was removed under vacuum, and 200 µl of the DNA-methylgreen solution was added. The initial absorbance was compared with the final absorbance (after 24 h) in order to calculate the IC 50 value (50% displacement of methylgreen from DNA). Determination of the IC 50 values was performed in triplicate (mean ± SD). The decrease in absorbance observed represents the initial rapid displacement of methylgreen from DNA by the drug, followed by the slower reaction with water that yields the colorless carbinol.
RESULTS AND DISCUSSION
All compounds were evaluated for their antiplasmodial activity against a chloroquine-resistant Plasmodium falciparum strain, for cytotoxicity on a human cell line, and in two functional assays related to possible mechanisms of action or cytotoxicity, i.e. DNA interactions and inhibition of β-haematin formation. The discussion of the biological activity of these neocryptolepine derivatives will be limited here to some typical representatives, i.e. the neocryptolepine lead itself, 2-methyl-, 2-bromo-and 2-methoxy-neocryptolepine, as well as 1-bromo-and 3-bromo-neocryptolepine. Cryptolepine was also included. Results are summarised in Table 1. With regard to the antiplasmodial activity, cryptolepine showed an IC 50 of 2.0 µM, and neocryptolepine was less active (IC 50 14.0 µM). The neocryptolepine derivatives substituted in position 2 with a methyl-, bromo-or methoxyl functionality, as well as 3-bromo-neocryptolepine, were more active than neocryptolepine itself, but not as active as cryptolepine. The 1-bromo derivative was not active in the concentration range tested. The antiplasmodial activity of cryptolepine turned out not te be very selective, since the LC 50 on the human cell line was comparable to the antiplasmodial IC 50 . Neocryptolepine showed a reduced cytotoxicity, which was in agreement with our earlier findings for these compounds. Also the 2-methyl-and 2-methoxyl derivatives were not selective: their LC 50 was lower than their antiplasmodial IC 50 . However, 3-bromo-but especially 2-bromoneocryptolepine showed some selectivity towards the Plasmodium parasite: The 2-bromo derivative had an IC 50 against Plasmodium falciparum of 4.0 µM, whereas its LC 50 was not in the concentration range tested.
Because of the reported DNA intercalating properties of cryptolepine and to a lesser extent neocryptolepine, all compounds were also evaluated in the DNAmethylgreen assay. Cryptolepine exhibited the most potent activity as a DNA interacting agent, with an IC 50 value of 65.7 µM. Also 2-methoxy-neocryptolepine showed DNAinteracting properties. This was in agreement with their pronounced cytotoxicity. When the DNA-interacting properties decreased, as for neocryptolepine, also the cytotoxicity decreased. Compounds showing no DNA interactions in the concentration range tested had a reduced cytotoxicity; the most notable compound in this regard was 2-bromoneocryptolepine.
For cryptolepine, it has been shown that the antiplasmodial activity is not only due to its DNA-interacting properties, but also, at least in part, to inhibition of the haem detoxification process (Wright et al., 2001) . It shares this mechanism of action with known antimalarials such as quinine, chloroquine or mefloquine (O'Neill et al., 1998) . During the erythrocytic stage of the Plasmodium lifecycle in the human host, the parasites (merozoites) live in the red blood cells, and use haemoglobin for food. Haemoglobin is taken up in the acid food vacuole of the parasite. The globin part is used as a source of amino acids, but the haem part is useless; in fact it is even toxic for the parasite. Therefore toxic, free haem is converted by the parasite into a non-soluble, non-toxic haem polymer, which is called malaria pigment or haemozoin. This detoxification or polymerisation process is inhibited by the quinoline antimalarials. Haem is not detoxified, and will kill the parasite.
The in vivo process of conversion of haem into haemozoin corresponds to an in vitro process where haemin [Fe(II)protoporphyrin IX Cl -] is polymerised to β-haematin (Egan et al., 1994) . Quindoline antimalarials, as well as cryptolepine, are able to inhibit the formation of β-haematin in cell-free systems, indicating that inhibition of the haem detoxification process may be responsible, at least in part, for the antiplasmodial activity of these compounds (Wright et al., 2001) . Results of the β-haematin assay are also included in Table 1 . In addition to cryptolepine, also neocryptolepine, 2-bromo-and 3-bromo-neocryptolepine were able to inhibit β-haematin formation. For cryptolepine and neocryptolepine the antiplasmodial activity may also be due in part to their DNAinteracting properties. Therefore it is non-selective, and associated with cytotoxicity to a human cell line. The 3-bromo-and especially the 2-bromo-derivative of neocryptolepine, however, exhibited a more selective antiplasmodial activity, since for the latter compound no DNA interactions were observed, and the cytotoxicity LC 50 was not in the concentration range tested. On the other hand, 2-methoxy-neocryptolepine was not able to inhibit the formation of β-haematin in the in vitro assay, but nevertheless it showed a pronounced antiplasmodial activity. In this case it appeared that this activity was related to a non-specific mechanism of action, i.e. DNA interacting properties, and that therefore it was associated with cytotoxicity.
In the neocryptolepine series, it appeared as if introduction of halo-and especially bromo-substituents on the neocryptolepine nucleus in position 2 improves the antiplasmodial activity, while reducing the cytotoxicity. Also for cryptolepine derivatives, it has been reported that introduction of bromo-substituents had a beneficial effect on the antiplasmodial activity. In a limited series of substituted cryptolepine derivatives, 2,7-dibromo-cryptolepine was the most promising compound. It was 10 times more antiplasmodially active than cryptolepine, but still showed cytotoxic properties in vitro. However, it was also active in vivo in mice infected with Plasmodium berghei: 89% suppression of parasitaemia was observed without apparent systemic cytotoxicity (Wright et al., 2001 ).
CONCLUSIONS
The neocryptolepine derivatives studied in this work may be classified in different groups (Fig. 2) . A first group consists of compounds with a selective antiplasmodial activity, which are able to inhibit the formation of β-haematin; therefore their mechanism of action is most probably related to inhibition of the haem detoxification process. The most prominent example of this group is 2-bromo-neocryptolepine. On the other hand, a second group consists of compounds showing a non-selective antiplasmodial activity, which is related to DNA-interactions, but which are not capable of inhibiting the formation of β-haematin. A typical compound in this group is 2-methoxyneocryptolepine. Finally, a third group of compouds contains antiplasmodial agents with a mixed mechanism of action, such as neocryptolepine and cryptolepine. Also these compounds lack selectivity towards the Plasmodium parasite. Although 2-bromoneocryptolepine can be considered as the most promising lead at the moment in the series of the neocryptolepine derivatives, a further optimalisation of both the antiplasmodial activity and the selectivity is needed before a potentially clinically useful therapeutic agent may be obtained. 
